ABSTRACT
Introduction
Carbapenems are the drugs of choice for the treatment of infections caused by multiresistant Gram-negative bacilli (Queenan and Bush, 2007) . Carbapenemases involved in acquired resistance to carbapenems in Enterobacteriaceae belong to Ambler class A serin β-lactamases (KPC, GES, SME, IMI, NMC), class B metallo-β-lactamases (MBL) of IMP, VIM or NDM family or OXA-48-like β-lactamases belonging to the class D (Canton et al., 2012) . The class B enzymes are the most clinically important carbapenemases, because they are capable of hydrolyzing all β-lactam antibiotics except of aztreonam (Queenan and Bush, 2007 ).
The first carbapenem-resistant Enterobacteria detected in Croatia was NDM-1 producing
Klebsiella pneumoniae isolated in 2008 in the University Hospital Center Zagreb . A remarkable increase in the number of carbapenem-resistant isolates was observed in 2012. This observation gave rise to a multicenter study on carbapenem-resistance in Enterobacteriaceae from Croatia, conducted in 2011 to 2012 which revealed the predominance of VIM-1 β-lactamase in two large hospital centers (Zujic-Atalic et al., 2014)).
Two years later the clonal outbreak of VIM-1 positive Enterobacter cloacae and Citrobacter freundii at alarming rate was observed in the largest hospital center in Croatia and emergence of OXA-48 β-lactamase in Enterobacteriaceae was reported for the first time in two hospital centers in Croatia. This prompted us to analyse the epidemiology, the mechanisms of antibiotic resistance, and the routes of spread of class B and class D carbapenemases in Croatia.
Material and methods

2.1.Bacterial isolates
In total 68 non-duplicate isolates producing class B and D carbapenemase were analyzed: 34
Enterobacter cloacae, 18 Citrobacter freundii, 15 Klebsiella pneumoniae and 1 Klebsiella oxytoca.
Isolates were obtained from three hospital centers located in different geographic regions of Croatia (University Hospital Zagreb 60 isolates, University Hospital Split seven isolates and University Hospital Osijek one isolate) were analyzed. KPC positive strains and those with carbapenem non-susceptibility due to porin loss combined with ESBLs were not included in the study. KPC-positive isolates were included in another study. The strains were identified by Vitek2 (Biomerieux) and Maldi-TOFF (Bruker).
Since 2012 surveillance system for detection of carbapenem-resistant Enterobacteriaceae from different regional hospitals including phenotypic and molecular detection of resistance genes has been established in University Hospital Center Zagreb.
During the study period (2013) (2014) in University Hospital Center Zagreb, decreased susceptibility to carbapenems was detected in 306 strains of Enterobacteriaceae belonging to four genera (out of 19938 in total). Sixty strains out of 306 produced class B and class D carbapenemases and all were subjected to molecular analysis. The rest of the strains produced KPC (class A) or had reduced susceptibility to carbapenems due to porin loss in combination with ESBL production and they were not the subject of the study. In University Hospital
Center Split there were 86 isolates (out of 5610 in total) showing reduced susceptibility to carbapenems and belonging to three genera. In total, 29 strains (out of 86) were positive for class B and D β-lactamases, seven of which were subjected to molecular analysis.
In University Hospital Osijek there was one carbapenem-resistant isolate in 2013. It produced class B carbapenemase. Data for 2014 are not available. In Children's hospital there were no carbapenemase-producing isolates in 2013-2014. The total number of Enterobacteriaceae in Children's Hospital during the study period was 2493.
Antimicrobial susceptibility testing and phenotypic tests for detection of ESBLs, plasmidmediated AmpC β-lactamases and carbapenemases
The antimicrobial susceptibility to amoxicillin alone and combined with clavulanate, piperacillin/tazobactam, cefazoline, cefuroxime, ceftazidime, cefotaxime, ceftriaxone, cefepime, cefoxitin, imipenem, meropenem, gentamicin, ciprofloxacin and colistin was determined by disk-diffusion and broth microdilution method according to CLSI standardss (CLSI, 2012) and for colistin according to EUCAST standard (Http://www.eucast.org). The strains were classified as multidrug-resistant, extensively-drug resistant or pan-drug resistant (Magiorakis et al., 2012). Double disk synergy test (DDST) (Jarlier et al., 1988) and CLSI combined disk test with addition of clavulanic acid to cephalosporin disks were performed to detect ESBLs (CLSI, 2012). Chromosomal or plasmid-mediated AmpC β-lactamases were detected by combined disk test using cephalosporin disks combined with PBA (3-aminophenylboronic acid (Coudron, 2005) . Modified Hodge test (MHT) was used to screen for the production of carbapenemases . Additionally the isolates were tested by combined disk tests with imipenem and meropenem alone and combined with 3-aminophenylboronic acid test (PBA), 0.1 M EDTA or both to screen for KPC, MBLs, or simultaneous production of KPC and MBL, respectively (Pasteran et al 2009, Kim et al., 2007 ).
Conjugation
The transferability of ceftazidime resistance was determined by conjugation (broth mating method) at 35°C employing E. coli A15R -strain resistant to rifampicin and E. coli J65 resistant to sodium azide (Elwell and Falkow, 1986 ).
Molecular detection of resistance genes
The genes conferring resistance to β-lactams including broad spectrum and extended- 
Characterization of plasmids
Plasmids were extracted from donor strains and their respective transconjugants with Qiagen
Mini kit (Medical Intertrade, Zagreb, Croatia) according to the manufacturer's instructions.
After staining with ethidium bromide, the DNA was visualised by ultraviolet light [6] .
The sizes of the isolates' plasmids were estimated from the standard curve of migration distance versus logarithm (log10) of the molecular weight of four standard plasmids (148, 64, 36 and 7 kb) from E. coli NTCC 50192.
PCR-based replicon typing (PBRT) (Carattoli et al., 2005) was applied to determine the plasmid content of the tested strains. Plasmid extractions obtained from transconjugant strains were subjected to PCR for detection of carbapenemases (MBL and OXA-48) and ESBLs in order to determine the location of bla genes and to PBRT to determine if the transconjugants harbour the same plasmid types as their respective donors.
Genotyping
Thirty-one E. cloacae, 16 C. freundii and 8 K. pneumoniae isolates were subjected to molecular typing by rep-PCR as described previously (Overdest et al, 2011).
The same strains were also genotyped by MLST according to Diancourt (Diancourt et al., 2005 
Patients and isolates
The patients did not have travel history to the endemic areas. The clinical wards included in the study were: medical, haematology, urology, paediatric haematology, psyhiatrics, medical, surgical, and neurological intensive care unit (ICU), while two strains were obtained from outpatients previously treated in University Hospital Center Zagreb.
Antimicrobial susceptibility testing and phenotypic tests for detection of β-lactamases
All isolates were multidrug resistant according to Magiorakis et al since they displayed resistance to at least one antibiotic in three antimicrobial classes. The strains were uniformly resistant to amoxicillin alone and combined with clavulanic acid, cefazoline, ceftazidime, cefotaxime, ceftriaxone and cefoxitin and all but one (Enterobacter cloacae), susceptible to colistin as shown in Table 1a , b and c and Table 2 . Amikacin was the second most active antibiotic with 35/67 (52%) susceptible strains. Only three (4%) strains were susceptible to imipenem and 1 (1%) to cefepime and meropenem according to CLSI. MICs of carbapenems ranged from susceptibility to frank resistance, depending on the strain. Heterogenous susceptibility was observed with ertapenem resistance and imipenem and meropenem being susceptible, intermediate or resistant. The high resistance rates were noted also for ciprofloxacin (81%) and for gentamicin (84%). There was no significant difference in resistance rates between different species as shown in Table 2 .
All strains were shown to be positive for carbapenemase production by Hodge test and all but one showed significant increase of the inhibition zone around carbapenems in the presence of EDTA indicating the production of MBL. Sixty-three strains were phenotypically positive for ESBLs and only nine for AmpC as shown in Table 1 .
Transfer of resistance determinants
Ceftazidime resistance was transferred to E. coli recipient resistant to sodium azide from 18 Enterobacter cloacae strains did not transfer ceftazidime resistance. Resistance to gentamicin, sulphametoxazole, tetracycline, cloramphenicol and fluoroquinolones was not cotransferred alongside with ceftazidime resistance.
Characterization of β-lactamases and other resistance genes
Sixty-five isolates were found to harbour VIM-1 carbapenemase, seven of which were positive for NDM-1 as well, while two strains harboured only NDM-1 (Table 1) . OXA-48
was detected in three isolates, two of which coproduced VIM-1. Thirty-six strains possessed additional CTX-M-15 ESBL whereas 64 were positive for TEM-1. CMY was found in 18 C.
freundii isolates and DHA-1 in one E. cloacae isolate. NDM-1 β-lactamase was carried by six K. pneumoniae, two C. freundii and one E. cloacae isolate. All C. freundii strains produced either CMY-2 or CMY-4 and all but one TEM-1 as additional β-lactamases to MBL. blaOXA-48 genes were carried by two identical E. cloacae strains from Zagreb and one K. pneumoniae from Split as shown in Tables 1a, 1b and 1c. All except one K. pneumoniae strains were positive for SHV-1 while one produced SHV-11 which is also intrinsic chromosomal β-lactamase of this species. Other species (E. cloacae and C. freundii) were negative for SHV β-lactamases. Two K. pneumoniae strains tested positive for AmpC in phenotypic tests but failed to yield PCR product with primers specific for AmpC β-lactamases.
C. freundii transconjugant strains were positive for blaVIM genes and blaNDM genes as their respective donors while blaOXA-48 gene was found in one K. pneumoniae transconjugant.
blaVIM-1 genes were embedded in class 1 integrons which contained integrase gene followed by blaVIM-1 and aminoglycoside resistance determinant aadA1. The same integron content was found in different strain genera.
QnrB determinant was found in 20 strains. It was carried by 14 E. cloacae and three C.
freundii and K. pneumoniae strains, respectively, as shown in Table 1 .
Characterization of plasmids
The size of plasmids ranged from 50 to 150 kb in donor strains. Transconjugants harboured only the large plasmid of 80 to 150 kb present also in the respective donor strain. IncL/M was the dominant plasmid type identified in 31 isolates, followed by IncN and Inc A/C found in 21
and 19 strains, respectively. FIIAs was observed in only one K. pneumoniae strain positive for VIM-1 and NDM-1, as shown in Table 1 . Combination of IncA/C and IncN incompatibility group was noticed in 15 strains (13 E. cloacae and 2 K. pneumoniae), followed by combination of IncL/M and IncA/C which was present in five strains (three K. pneumoniae and one C. freundii). All C. freundii strains were positive for IncL/M with one strain, as mentioned, carrying also IncA/C type of plasmid. However, the association of plasmid incompatibility group with carbapenemase production was not confirmed. Thirty-four transconjugant strains were positive for VIM, NDM, OXA-48, CTX-M and TEM β-lactamases as their respective donors confirming plasmid location of carbapenemase genes.
The trasconjugant strains harboured the same plasmid types as their respective donors.
Genotyping
Rep-PCR Unlike C. freundii and E. cloacae isolates K. pneumoniae showed pronounced diversity of their rep-PCR patterns. Eight isolates were classified into two clusters as shown in Figure 1a . (Fig. 1c) . It was obtained from the child that was previously hospitalized at the paediatric unit in University Hospital Centre Zagreb and thus it can be concluded that it was imported from Zagreb.
Discussion
Croatia is still a country with relatively low prevalence of carbapenem-resistant The fact that two strains coharboured VIM-1 and OXA-48 β-lactamase points out to amazing ability of Enterobacteriaceae to accumulate resistance genes as described previously (Chang et al., 2015) Early identification of class B and class D carbapenemases and isolation of carriers seem to be the mainstone of effective infection control strategy in the hospital setting which also prevents the propagation of this important resistance determinants into the community. Rep-PCR dendrogram of study strains. Date of isolation and specimen type are shown.
Similarity treshold of 97% was applied to define a clone (no difference in banding pattern). 
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